DNA damage-induced activation of the transcription factor NF-jB plays an important role in the cellular response to genotoxic stress. However, uncontrolled NF-jB activation upon DNA damage may lead to deleterious consequences. Although the mechanisms mediating genotoxic NF-jB activation have been elucidated, how this signalling is terminated remains poorly understood. Here, we show that the CCCH-type zinc finger-containing protein MCPIP1 (monocyte chemotactic protein-1-induced protein-1; also known as ZC3H12A) is induced upon genotoxic treatment in an NF-jB-dependent manner. MCPIP1 upregulation reduces NEMO linear ubiquitylation, resulting in decreased activation of IKK and NF-jB. NEMO ubiquitylation is decreased through the deubiquitinase USP10, which interacts with NEMO via MCPIP1 upon genotoxic stress. USP10 association with NEMO leads to removal of NEMO-attached linear polyubiquitin chains and subsequent inhibition of the genotoxic NF-jB signalling cascade. Consistently, USP10 is required for MCPIP1-mediated inhibition of genotoxic NF-jB activation and promotion of apoptosis. Thus, by mediating USP10-dependent deubiquitination of NEMO, MCPIP1 induction serves as a negative feedback mechanism for attenuating genotoxic NF-jB activation.
Introduction
An effective DNA damage response (DDR) is critical for cells to maintain genomic integrity, which is constantly challenged by genotoxic stress generated from endogeneous cell metabolism (e.g., reactive oxygen species) or environmental resources (e.g., chemicals or radiation) (Harper and Elledge, 2007; Jackson and Bartek, 2009 ). Failure of DDR may lead to genomic instability, which is a hallmark of cancer and ageing processes (Finkel et al, 2007; Hanahan and Weinberg, 2011) . DDR is a comprehensive network of signalling events, which includes sensing of DNA damage, activation of cell-cycle checkpoints, recruitment of DNA repair machineries, and reprogramming of DNA damage-responsive gene expression (Jackson and Bartek, 2009; Ciccia and Elledge, 2010) . Two transcription factors, tumour suppressor p53 and Nuclear Factor kappaB (NF-kB), were identified as the major transcription regulators in response to ionizing radiation (IR) (Rashi-Elkeles et al, 2006) . While the molecular mechanisms involved in controlling p53 activity in DDR have been extensively studied, how NF-kB activation is regulated upon genotoxic stress remains poorly understood.
NF-kB is a family of transcription factors that is crucial for regulating immune responses, as well as cell survival, differentiation, and proliferation (Hayden and Ghosh, 2012) . Moreover, as an inducible gene transcription regulator, NF-kB also plays pivotal roles in coordinating cellular stress responses to adapt to various mechanical, biological, and environmental stresses, including genotoxic stress. Two major signalling pathways, classical and alternative pathways, which mediate NF-kB activation following signals transduced from cytosolic membrane-bound receptors, have been well established (Perkins, 2007; Hayden and Ghosh, 2008) . In addition, an atypical pathway was found to mediate NF-kB activation in response to DNA damage signals that are primarily initiated in the nucleus (McCool and Miyamoto, 2012) . It was shown that IKKg/NEMO (NF-kB essential modulator) is sumoylated in the nucleus, in a manner dependent on PIDD (p53 induced protein with death domain), PARP1 (poly(ADP-ribose) polymerase 1) and PIASy (the protein inhibitor of activated STAT), upon genotoxic stress (Huang et al, 2003; Janssens et al, 2005; Mabb et al, 2006; Stilmann et al, 2009) . A DDR apical kinase, ataxia telangiectasia mutated (ATM), can then associate with and phosphorylate NEMO in the nucleus, which promotes subsequent NEMO mono-ubiquitylation and nuclear export (Wu et al, 2006) . In the cytoplasm, NEMO can be further modified by polyubiquitin with linear linkage, which may collaborate with K63-linked polyubiquitylation of ELKS (a protein rich in glutamate, leucine, lysine, and serine) to achieve optimal activation of IKK (Wu et al, 2010; Niu et al, 2011) . Additionally, ATM-dependent polyubiquitylation of TRAF6 (TNF receptor-associated factor) and/or RIP1 (receptor-interacting protein 1) may also contribute to IKK activation in response to DNA damage (Hinz et al, 2010; Yang et al, 2011) .
As aberrant NF-kB activation has been linked to various pathological processes including auto-immune disorders and cancers (Ben-Neriah and Karin, 2011), negative regulation and proper termination of NF-kB signalling are critical for maintaining cell homeostasis in response to various stresses (Ruland, 2011) . Previous studies have revealed a number of mechanisms that negatively regulate NF-kB-dependent gene transcription by either inhibiting NF-kB signalling pathways in the cytoplasm or blocking chromatin binding of NF-kB in the nucleus (Ruland, 2011) . Induction of several NF-kB-target genes, such as IkBa and deubiquitinase (DUB) A20, has been demonstrated to serve as critical negative feedback responses to mitigate NF-kB activation, which may control the proper magnitude and duration of NF-kB signalling. Upon DNA damage, a Sentrin/SUMO-specific protease (SENP2) was found to be induced by DNA damage in an NF-kB-dependent fashion, which inhibited NEMO sumoylation and subsequent genotoxic NF-kB activation (Lee et al, 2011) . We showed that overexpression of CYLD, a DUB primarily disassembling K63-linked polyubiquitin in cells (Simonson et al, 2007) , inhibited genotoxic NF-kB activation, potentially via inhibiting ELKS ubiquitylation upon genotoxic stimulation (Wu et al, 2010) . However, CYLD expression was not induced by genotoxic treatment. Whether ubiquitylation can be targeted in a negative feedback manner to terminate genotoxic NF-kB activation remains elusive.
Monocyte chemotactic protein-1-induced protein-1 (MCPIP1, also known as ZC3H12A) was first identified as a potential transcription factor in cardiac myocytes regulating apoptosis and chronic inflammatory response (Zhou et al, 2006) . Further studies indicated that MCPIP1 can be induced in macrophages to regulate inflammatory gene expression, which may involve downregulation of NF-kB signalling (Liang et al, 2008 (Liang et al, , 2010 Matsushita et al, 2009 ). MCPIP1-deficient mice displayed severe immune disorders as well as growth retardation and premature death (Matsushita et al, 2009; Liang et al, 2010) . It was found that MCPIP1 could bind to the 3 0 untranslated regions (UTRs) of a subset of inflammatory cytokine genes including IL6 and IL12p40, and destabilize the bound mRNAs. A putative RNase domain was demonstrated to be essential for MCPIP1 to control the stability of those inflammatory genes (Matsushita et al, 2009) . Intriguingly, MCPIP1 was found to negatively regulate LPS-induced NF-kB activation in macrophages by mechanisms involving removal of polyubiquitin chain from TRAF proteins, indicating that MCPIP1 may function as a DUB (Liang et al, 2010) . Similar negative regulation of NF-kB activation by MCPIP1 was also observed in cells treated with IL-1b (Skalniak et al, 2009) . Surprisingly, the critical domain for deubiquitinating activity of MCPIP1 was mapped to a region that also hosts the RNase activity (Liang et al, 2010) . A recent structural study confirmed that the conformation of the putative MCPIP1 RNase domain shares high homology with the well-conserved PilT N-terminus (PIN) RNase domain . However, how MCPIP1 regulates deubiquitination remains to be delineated.
Here, we found that the transcription of MCPIP1 was upregulated, in an NF-kB dependent fashion, in cells exposed to genotoxic stimulation. Induction of MCPIP1 served as a negative feedback response to attenuate genotoxic NF-kB signalling cascade, leading to attenuation of NF-kB activation by DNA damage. MCPIP1-dependent inhibition of genotoxic NF-kB activation was mediated by USP10, which interacted with NEMO and could remove linear polyubiquitin chain attached to NEMO. Depletion of MCPIP1 or USP10 significantly increased expression of NF-kB-target genes, including inflammatory cytokines and anti-apoptotic genes, in response to genotoxic treatment. Therefore, MCPIP1 may play an important role in maintaining a balance between cell survival and inflammatory response by controlling NF-kB activation in cells exposed to DNA damage.
Results

MCPIP1 is induced by genotoxic treatments in an NF-jB-dependent manner
In our effort to identify DUBs negatively regulating genotoxic NF-kB signalling, we found that expression of MCPIP1, a protein harbouring potential deubiquitinating activity (Liang et al, 2010) , was substantially increased in HEK293T cells in response to etoposide (Etop) treatment ( Figure 1A ). The increased MCPIP1 protein was commensurate to its mRNA level upon Etop treatment, suggesting that MCPIP1 induction by genotoxic treatment may be due to transcriptional upregulation ( Figure 1B) . Consistently, MCPIP1 expression was increased in HT1080 and MDA-MB-231 cells in response to treatment with Etop or doxorubicin (Dox), respectively (Figure 1C and D; . It was shown that MCPIP1 transcription can be enhanced by NF-kB recruitment to its binding sites within the second intron of the ZC3H12A gene in cells treated with IL-1b (Skalniak et al, 2009) . Genome-wide chromatin immunoprecipitation (ChIP)-seq data retrieved from UCSC Genome Brower also confirmed the NF-kB-binding at this transcription active regulatory region (Euskirchen et al, 2007) (Figure 1E , top panel). We found that inhibiting NF-kB signalling by an IKK inhibitor Bay11-7082 or overexpression of IkBa-super repressor (IkBa-SR, S32A/S36A) significantly reduced MCPIP1 induction upon DNA damage (Figure 1C and D; Supplementary Figure S1E) . Moreover, we detected a significant increase in NF-kB/p65 enrichment at the NF-kB-binding sites within the second intron (enhancer region) as well as in the promoter region of ZC3H12A gene in response to genotoxic stimulation, which was abrogated by a more specific IKKb inhibitor TPCA-1 ( Figure 1E ). Consistently, disruption of NF-kB-binding site within either promoter or enhancer of Z3CH12A gene abolished genotoxic drug-induced transactivation ( Figure 1F ), suggesting that DNA damageactivated NF-kB may directly upregulate MCPIP1 transcription. We have shown that ATM and ELKS are essential for genotoxic NF-kB signalling (Wu et al, 2006 (Wu et al, , 2010 . Accordingly, treatment with ATM inhibitor Ku55933 substantially diminished MCPIP1 induction, as well as NFkB enrichment at the ZC3H12A gene kB-binding sites, in cells exposed to genotoxic agents ( Figure 1C-E) . Furthermore, the upregulation of MCPIP1 transcription by DNA damage was abrogated in ATM À / À or ELKS À / À MEFs compared to wildtype (WT) cells ( Figure 1G ; Supplementary Figure S1F ). All this body of evidence supports a critical role of NF-kB in enhancing MCPIP1 transcription upon genotoxic stress.
in HT1080 cells (Figure 2A ). Similarly, NF-kB activation was also inhibited by MCPIP1 in HEK293T cells exposed to IR or Etop ( Figure 2B ; Supplementary Figure S2 ). Moreover, we detected augmented NF-kB activation in MCPIP1 À / À MEFs treated with genotoxic drugs ( Figure 2C ), whose duration was also extended compared to WT MEFs ( Figure 2D ), indicating that MCPIP1 may also negatively regulate DNA damage-induced NF-kB activation. Luciferase reporter assay further confirmed that overexpression of MCPIP1 diminished NF-kBdriven gene transactivation by genotoxic treatment ( Figure 2E ). Consistent with a previous report (Liang et al, 2010) , mutation in MCPIP1 RNase domain (D141N) or Zinc finger (C306R) abolished the MCPIP1-dependent inhibition of genotoxic NF-kB activation (Figure 2A and B) . However, MCPIP1 with mutation at two Asp residues (D225A/D226A), which are critical for its RNase activity , effectively inhibited genotoxic NF-kB activation (Figure 2A and B). Furthermore, reconstitution of MCPIP1-WT, but not MCPIP1-C306R mutant, substantially decreased DNA damageinduced NF-kB activation in MCPIP1 À / À MEFs ( Figure 2F ).
Altogether, these data indicate that NF-kB-mediated MCPIP1 upregulation may form a negative feedback response to inhibit NF-kB activation by genotoxic stress. It was proposed that MCPIP1 may act as a DUB to inhibit NF-kB signalling by removing polyubiquitin chain from TRAFs, such as TRAF2, TRAF3, and TRAF6 (Liang et al, 2010) . MCPIP1 has also been demonstrated to function as an RNase, which can be inactivated by mutation of Asp141 (D141N) in putative RNase domain (Matsushita et al, 2009) . Previous studies showed that MCPIP1-D141N mutant lost both RNase and DUB activity, whereas MCPIP1-C306R mutant only failed to cleave polyubiquitin but retained the RNase activity in vitro (Liang et al, 2010; Suzuki et al, 2011) . We found that D141N and C306R mutation, but not RNase-inactive D225A/D226A mutation, abrogated MCPIP1-dependent inhibition of genotoxic NF-kB activation (Figure 2A and B) , suggesting that the potential DUB activity may play a more important role in attenuating genotoxic NF-kB signalling than the RNase activity of MCPIP1. Figure S3A -C). MCPIP1 was also shown to interact with NEMO-associated IKK complex (Iwasaki et al, 2011) . It is plausible that MCPIP1 inhibits polyubiquitylation of NEMO upon genotoxic stress, resulting in decreased NF-kB activation. Indeed, overexpression of MCPIP1 in HEK293T cells significantly reduced linear ubiquitylation of NEMO induced by genotoxic drugs ( Figure 3A and B), which was not observed in cells overexpressing the MCPIP1-C306R, a mutant also failed to inhibit NF-kB activation by DNA damage (Figures 2A and 3B ). Consistently, NEMO linear ubiquitylation by genotoxic treatment was diminished in cells overexpressing another MCPIP1 mutant (D225A/D226A), which also inhibited genotoxic NF-kB activation (Supplementary Figure S3D ; Figure 2A and B). These data suggested that MCPIP1-mediated inhibi- tion of genotoxic NF-kB signalling correlated with its ability to antagonize NEMO linear ubiquitylation. To further delineate the impact of MCPIP1 on DNA damage-induced NF-kB signalling, we examined the NEMO ubiquitylation in Doxtreated MEFs. As expected, Dox treatment induced more prominent linear ubiquitylation of NEMO in MCPIP1 Figure 3C ). Our co-immunoprecipitation analyses showed that MCPIP1 associated with NEMO in HEK293 cells ( Figure 3D ). Furthermore, we detected an increased interaction between MCPIP1 and NEMO in response to treatment with genotoxic drugs ( Figure 3E ), indicating that MCPIP1 may bind to NEMO and directly promote removal of the NEMO-attached linear ubiquitin chains upon genotoxic stress. Our previous studies demonstrated that linear ubiquitylation of NEMO is critical for DNA damage-induced sequential activation of TAK1 and IKK, which are essential for genotoxic NF-kB activation (Niu et al, 2011) . Consistently, we found that overexpression of MCPIP1 substantially decreased activation of TAK1 and IKK by genotoxic stimulation (Supplementary Figure S3E and F) . Moreover, DNA damage-induced kinase activity of TAK1 and IKK was markedly augmented in MCPIP1 À / À MEFs, compared to the MCPIP1 þ / þ cells ( Figure 3F and G).
Accordingly, reconstitution of MCPIP1-WT, but not the C306R mutant, attenuated the activation of TAK1 and IKK in MCPIP1 À / À MEFs exposed to genotoxic drugs ( Figure 3H ;
Supplementary Figure S3G ). Taken together, these results further support that MCPIP1-dependent inhibition of NEMO linear ubiquitylation may diminish sequential activation of TAK1 and IKK, resulting in decreased genotoxic NF-kB activation. MCPIP1 diminishes linear ubiquitin chain anchored on NEMO MCPIP1 was shown to remove polyubiquitin chain attached to TRAFs, likely with K63 linkage, in splenocytes treated with LPS (Liang et al, 2010) . It is possible that MCPIP1 may inhibit NEMO linear ubiquitylation by inhibiting K63-linked polyubiquitylation of ELKS, which was shown to promote NEMO linear ubiquitylation by DNA damage (Niu et al, 2011) . To minimize the influence of K63-linked polyubiquitylation on linear ubiquitin chain assembly, we took advantage of an ubiquitin switching system, in which endogeneous ubiquitin can be inducibly depleted with shRNA and replaced with exogeneous ubiquitin (Xu et al, 2009) . We confirmed that endogeneous ubiquitin was significantly decreased in cells treated with tetracycline. Simultaneously, Tet-induced expression of exogeneous ubiquitin, either WT or K63R mutant, was able to reconstitute the ubiquitin protein to the endogeneous level (Supplementary Figure S4A) . However, K63-linked polyubiquitylation was abolished in K63R mutant-reconstituted cells (Supplementary Figure S4A , lane 6). We then transfected linear ubiquitylation assembly complex (LUBAC) alone, or along with MCPIP1, into these cells and examined the NF-kB activation in response to LUBAC transfection. Interestingly, although LUBAC failed to induce NF-kB activation in ubiquitin-depleted cells, we detected slightly decreased but substantial NF-kB activation in K63R ubiquitin-reconstituted cells, compared with WT ubiquitin-reconstituted cells, by LUBAC overexpression ( Figure 4A , lanes 5 and 6). These data suggested that LUBAC was able to induce NF-kB activation independent of K63-linked polyubiquitin chain formation. Moreover, co-transfection of MCPIP1 significantly reduced LUBAC-induced NF-kB activation in both WT and K63R ubiquitin-reconstituted cells, suggesting that MCPIP1 could inhibit NF-kB activation by directly abrogating linear ubiquitylation of NF-kB signalling molecules such as NEMO ( Figure 4A ). Consistently, we found that only MCPIP1-WT, but not MCPIP1-C306R mutant, significantly inhibited LUBAC-induced NF-kB activation, confirming that the ability of inhibiting linear ubiquitylation may be essential for MCPIP1 to interrupt NF-kB activation by LUBAC (Supplementary Figure S4B) .
To further delineate how MCPIP1 inhibits linear ubiquitylation, we carried out an in vitro DUB assay to determine the activity of immunopurified MCPIP1 to cleave polyubiquitin with linear linkage as previously reported (Liang et al, 2010) . We found that Flag-MCPIP1 purified from HEK293T cells was able to cleave linear tetra-ubiquitin, while C306R mutation abolished this activity (Supplementary Figure S4C and D) . More importantly, MCPIP1-WT, but not MCPIP1-C306R mutant, effectively removed linear polyubiquitin chains anchored on NEMO in vitro ( Figure 4B ). As we found overexpression of MCPIP1 significantly reduced DNA damage-induced NEMO linear ubiquitylation ( Figure 3A and B), these data suggested that MCPIP1 may promote cleavage of linear ubiquitin chains attached to NEMO. MCPIP1 harbours an ubiquitin binding domain (UBA) at its N-terminus ( Figure 4D ). Deletion of this UBA domain significantly reduced the ability of MCPIP1 to inhibit genotoxic NF-kB activation ( Figure 4C; Supplementary Figure S4E ), which may be attributed to the decreased NEMO association and failure to inhibit NEMO linear ubiquitylation by the UBAdeletion mutant (Supplementary Figure S4F and G) .
Furthermore, we found that MCPIP1 directly associated with linear tetra-ubiquitin, while this association was abolished by deletion of the UBA domain ( Figure 4D ). MCPIP1 was shown to disassemble K63-linked polyubiquitin and its UBA domain was required for binding to ubiquitin (Liang et al, 2010) . Our in vitro pull-down assay results indicated that MCPIP1-UBA could bind to both K63-linked and linear tetra-ubiquitin ( Figure 4E ), which may resemble the similar promiscuous specificity of the cIAP1-UBA domain reported previously (Komander et al, 2009 ).
MCPIP1-associated USP10 is essential for negative regulation of NF-jB activation
The critical region of MCPIP1 for its deubiquitylating activity was mapped to a domain that also hosts the RNase activity (Liang et al, 2010) . A recent study revealed that the protein structure of MCPIP1 N-terminal domain shares high structural homology with the PIN domain , which is a highly conserved RNase domain. Besides, we failed to observe DUB activity of recombinant MCPIP1 protein in our in vitro DUB assays. These observations prompted us to consider alternative mechanisms, which may account for the DUB activity mediated by MCPIP1. In a proteomic analysis of immunopurified Flag-MCPIP1-associated protein complex by mass spectrometry, we identified a member of ubiquitin-specific protease (USP) family, USP10, as an MCPIP1-interacting protein (Supplementary Figure S5A) . We further confirmed that Flag-MCPIP1 and Myc-USP10 was able to be co-immunoprecipitated reciprocally ( Figure 5A ). Moreover, we observed that endogeneous USP10 associated with MCPIP1, along with NEMO, in response to genotoxic stimulation, which may also be contributed by increased MCPIP1 expression ( Figure 5B-D) . In contrast, USP10 failed to interact with NEMO in MCPIP1
À / À cells upon DNA damage, suggesting that MCPIP1 may serve as the scaffold for bridging USP10 association with NEMO ( Figure 5C ). Intriguingly, we found that MCPIP1-C306R mutant failed to interact with USP10 ( Figure 5A ). Furthermore, MCPIP1-D225A/226A mutant was able to associate with USP10, while D141N mutation abolished the interaction between MCPIP1 and USP10 ( Figure 5E ), which correlated with their ability to inhibit genotoxic NF-kB activation (Figure 2A and B). These data indicate that the interaction between MCPIP1 and USP10 is indispensable for MCPIP1-dependent inhibition of genotoxic NF-kB signalling. It is plausible that MCPIP1-mediated deubiquitination, and consequent inhibition of NF-kB signalling, is executed by an MCPIP1-associated bona fide DUB, such as USP10. Accordingly, MCPIP1-dependent inhibition of NF-kB activation by genotoxic drugs was abrogated by USP10 knockdown ( Figure 5F ; Supplementary Figure S5B) . Similar results were also observed when USP10 was depleted with another siRNA targeting different sequences within USP10 (Supplementary Figure S5C) . Moreover, expression of siRNAresistant USP10 re-established MCPIP1-dependent inhibition of genotoxic NF-kB signalling in USP10-depleted cells ( Figure 5F , lanes 11 and 12), indicating that USP10 is essential for MCPIP1 to attenuate NF-kB activation by DNA damage. This notion was further supported by that USP10 knockdown enhanced, while USP10 overexpression remarkably inhibited, NF-kB activation by genotoxic drugs (Figure 5G and H; Supplementary Figure S5D) . Additionally, overexpression of MCPIP1 promotes deubiquitination of NEMO by USP10 J Niu et al
USP10 in MCPIP1
À / À MEFs barely inhibited DNA damageinduced NF-kB activation, suggesting that USP10 and MCPIP1 are mutually required for negative regulation of genotoxic NFkB signalling ( Figure 5H ). In parallel, our previous studies showed that overexpression of CYLD, another USP-family DUB, attenuated genotoxic NF-kB activation by inhibiting K63-linked polyubiquitylation of ELKS, which may indirectly block NEMO linear ubiquitylation (Wu et al, 2010; Niu et al, 2011) . However, knockdown of CYLD did not abolish MCPIP1-dependent inhibition of NF-kB activation and consequent gene transcription upon genotoxic stress (Supplementary Figure  S5E and F). Taken together, these data strongly suggest that USP10 is a specific DUB responsible for MCPIP1-dependent inhibition of genotoxic NF-kB signalling.
USP10 removes linear ubiquitin chain attached to NEMO upon DNA damage USP10 was identified as a DUB that could translocate into nucleus and deubiquitinate p53 in response to DNA damage (Yuan et al, 2010) . A Cys-to-Ala mutation (C424A) at catalytic domain abrogates USP10 DUB activity (Soncini et al, 2001) , which also abolished its ability to deubiquitinate and subsequently stabilize p53 upon DNA damage. Consistently, we found that USP10-CA mutant failed to inhibit DNA damage-induced NF-kB activation, indicating that the DUB activity is critical for USP10-dependent negative regulation of genotoxic NF-kB signalling ( Figure 6A ). Since we found that MCPIP1 facilitated association between USP10 and NEMO ( Figure 5B and C) , and MCPIP1 promoted disassembly of NEMO linear ubiquitylation ( Figure 3A-C) , we speculated that USP10 may inhibit NEMO linear ubiquitylation upon genotoxic stress. Indeed, overexpression of USP10, but not its catalytic inactive CA mutant, substantially reduced NEMO linear ubiquitylation in response to Etop treatment ( Figure 6B ). Moreover, we detected substantial increase in NEMO linear ubiquitination upon genotoxic stimulation in cells depleted of USP10 ( Figure 6C ). Consistently, USP10-WT, but not its C424A mutant, was able to remove linear polyubiquitin attached on NEMO in vitro ( Figure 6D and E). Interestingly, recombinant USP10 protein purified from insect cells efficiently cleaved HA-tagged ubiquitin hexamer with linear linkage in vitro (Soncini et al, 2001 ). We also found that DUB domain of recombinant USP10 is sufficient for cleaving tetraubiquitin with linear linkage (Supplementary Figure S6B and C) , while it cleaves K63-linked tetraubiquitin more efficiently (Supplementary Figure S6C) . These results were further confirmed in assays using purified human USP10 from HEK293T cells (Supplementary Figure S6D and E) . In addition, MCPIP1-dependent inhibition of NEMO linear ubiquitylation was abolished by USP10 knockdown ( Figure 6F ). Altogether, these data strongly support that MCPIP1-mediated inhibition of NEMO ubiquitylation in genotoxic NF-kB signalling depends on USP10, which may cleave linear polyubiquitin chains from NEMO. To determine whether USP10-dependent inhibition of genotoxic NF-kB signalling relies on its activity to cleave polyubiquitin with non-linear linkage, such as K63-linked chain, we depleted LUBAC-catalytic component HOIP in HEK293T cells. Interestingly, we were able to detect genotoxic druginduced NF-kB activation at a much reduced level in HOIPdepleted cells, compared to that in WT cells. However, this reduced NF-kB activation by DNA damage was no longer sensitive to USP10 overexpression (Supplementary Figure  S6F) . On the other hand, we found that etoposide treatment induced substantial NF-kB activation in K63R-Ub-replaced U2OS cells, which was inhibited by overexpression of USP10-WT, but not USP10-C424A mutant (Supplementary Figure S6G) . These results are in accordance to our observation that MCPIP1 was able to inhibit LUBAC-induced NF-kB activation in K63R-Ub-replaced U2OS cells ( Figure 4A ), suggesting that MCPIP1/USP10-mediated DUB activity against K63-chain is dispensable for MCPIP1/USP10-depedent inhibition of genotoxic NF-kB activation.
MCPIP1 regulates expression of pro-inflammatory cytokines at both transcriptional and post-transcriptional levels MCPIP1 was shown to destabilize the mRNA of a subset of pro-inflammatory cytokines, such as IL-6 and IL-12p40, which maintains static level of these inflammatory cytokines and prevents immune disorders (Matsushita et al, 2009; Iwasaki et al, 2011) . We found that, besides IL-6, mRNA levels of TNFa and Cox-2 were also substantially increased in MCPIP1
À / À cells. Moreover, the induction of these inflammatory cytokines was further augmented in Figure S7A) . Consistently, knockdown of USP10 was able to rescue the MCPIP1-mediated repression of the inflammatory cytokine induction by DNA damage (Supplementary Figure S7B) . It was shown that the mRNA stability of certain inflammatory cytokines such as TNFa and CXCL1 was not regulated by MCPIP1 (Matsushita et al, 2009) . Therefore, the escalated induction of TNFa mRNA level in MCPIP1 À / À MEFs upon DNA damage plausibly was due to enhanced transcription by NF-kB activation in these cells. In contrast, both increased NF-kB activation and decreased mRNA decay may contribute to the augmented IL-6 mRNA level in MCPIP1 À / À MEFs treated with genotoxic drugs.
MCPIP1/USP10-dependent inhibition of NF-jB activation promotes apoptosis upon genotoxic stress
Our previous studies showed that DNA damage-induced NFkB activation promotes cell survival by upregulating antiapoptotic genes such as BIRC2/BIRC3 and BCL2L1 (Wu et al, 2010; Niu et al, 2011) . We found that overexpression of MCPIP1 in HEK293T and HT1080 cells markedly increased the activity of the Caspases in response to Etop treatment ( Figure 7A ; Supplementary Figure S8A ). In contrast, MCPIP1 deficiency significantly enhanced MEF cell survival upon IR or Dox treatment (Supplementary Figure S8B and C) . Consistently, upregulation of anti-apoptotic genes, including BIRC2/BIRC3 and BCL2L1, was significantly increased in MCPIP1-deficient cells exposed to Dox ( Figure 7B ). Furthermore, Caspase 3 activation enhanced by MCPIP1 overexpression was attenuated by USP10 knockdown in cells treated with Etop ( Figure 7C ). In addition, USP10 depletion also reversed the repression of anti-apoptotic gene induction by overexpressing MCPIP1 in genotoxic drugtreated cells ( Figure 7D; Supplementary Figure S8D) . Furthermore, USP10 knockdown significantly enhanced cIAP1/2 and Bcl-xL transcription while inhibited Caspase 3 activation in Etop-treated cells (Supplementary Figure S8E and F). All these data suggest that MCPIP1/USP10-mediated inhibition of genotoxic NF-kB signalling and subsequent attenuation of anti-apoptotic gene induction may be responsible for augmented apoptosis upon DNA damage. To validate our observation from cell culture models in vivo, we treated MCPIP1
þ 
compared to MCPIP1
þ / þ mice. Consistent with our results in genotoxic drug-treated cells, IR induced much more robust and extended NF-kB activation in small intestine of MCPIP1 Figure 7E ). We further confirmed that IR-induced Caspase 3 activation was significantly attenuated in intestinal tissues of MCPIP1 À / À mice ( Figure 7F and G), likely due to augmented NF-kB activation in response to IR treatment ( Figure 7E ). Altogether, these results further support that MCPIP1 plays a critical role in regulating apoptosis in response to radiation in vivo, likely via modulating NF-kB-dependent gene transcription.
Discussion
In this report, we found that MCPIP1 was induced in cells treated with genotoxic agents. The upregulation of MCPIP1 appeared to mainly depend on NF-kB-mediated transactivation of the ZC3H12A gene. A previous report showed that a transient degradation of MCPIP1 was required for its induction by LPS, as MCPIP1 may destabilize its own mRNA (Iwasaki et al, 2011) . However, we did not observe an evident decrease in MCPIP1 protein level following genotoxic treatments ( Figure  1A ; Supplementary Figure S1B ). This could be explained by the notion that genotoxic stress may not induce activation of IKK and IRAK1 simultaneously, whereas MCPIP1 phosphorylation by both kinases was required for its proteasome-dependent degradation (Iwasaki et al, 2011) . Since DNA damage upregulated MCPIP1 expression without inducing its degradation, it is plausible that additional mechanisms, such as temporary inhibition of MCPIP1 RNase activity, may be involved in regulating MCPIP1 induction by DNA damage. Our data indicated that MCPIP1 induction may serve as a negative feedback response to mitigate NF-kB activation in cells exposed to genotoxic stress. Moreover, we found little evidence that MCPIP1, as a predominantly cytoplasmic protein, directly affects DNA damage signalling in response to genotoxic treatments (Supplementary Figure S9) . The MCPIP1-mediated inhibition of genotoxic NF-kB signalling was dependent on USP10. USP10 can be recruited to ubiquitylated NEMO through MCPIP1 and cleaves the NEMOattached linear polyubiquitin chains, resulting in inhibition of IKK and subsequent NF-kB activation by DNA damage. As a key signalling molecule involved in genotoxic NF-kB activation, NEMO can be modified with a series of reversible modifications, including sumoylation, phosphorylation, mono-ubiquitylation, and linear polyubiquitylation, in response to DNA damage (McCool and Miyamoto, 2012) . Since NF-kB-dependent induction of SENP2 also inhibits genotoxic NF-kB signalling by diminishing NEMO sumoylation (Lee et al, 2011) , it is plausible that all these reversible modifications of NEMO, as well as those of other proteins (e.g., ELKS, RIP, and TRAF6) involved in genotoxic NF-kB signalling, may serve as rheostats for regulating the magnitude and duration of NF-kB activation upon DNA damage (Figure 8) .
The function of linear ubiquitylation in regulating NF-kB signalling is well recognized (Iwai, 2012; Rieser et al, 2013) . While much has been learned about formation of linear ubiquitin chain, little is known how linear chains are disassembled. Two latest elegant studies identified an OTU domain-containing DUB, OTULIN (also known as Fam105B or gumby), which specifically cleaves linear ubiquitin chain and was shown to negatively regulates TNFa-induced NF-kB activation and promote Wnt signalling (Keusekotten et al, 2013; Rivkin et al, 2013) . Whether OTULIN negatively regulates genotoxic NF-kB activation remains to be determined. Although NEMO is the only linearubiquitylated protein identified in genotoxic NF-kB signalling so far, it is possible that additional proteins participating in this signalling can also be modified with linear ubiquitin chain upon genotoxic stress. Whether USP10 and/or OTULIN can attenuate genotoxic NF-kB activation by inhibiting linear polyubiquitylation of other proteins, besides NEMO, warrants further investigation.
MCPIP1 was shown to function as both RNase and DUB. Surprisingly, the critical domains responsible for these two enzyme activities were mapped to a significantly overlapped region (Matsushita et al, 2009; Liang et al, 2010) . While multiple lines of evidence supported that this region adopts a structural conformation of the PIN-RNase domain and is essential for MCPIP1 RNase activity, the mechanism by which this domain affects MCPIP1-dependent DUB MCPIP1 promotes deubiquitination of NEMO by USP10 J Niu et al regulation is unclear. Our data from in vitro DUB assay showed that immunopurified USP10 cleaved tetra-ubiquitin much more efficiently than MCPIP1, indicating that the MCPIP1-associated USP10 may be responsible for the DUB activity of the MCPIP1 immunocomplex. This was further supported by evidence that knockdown of USP10 abolished the activity of MCPIP1 to inhibit NEMO ubiquitylation and genotoxic NF-kB signalling. Moreover, mutation in MCPIP1 RNase domain (D141N) and Zn finger region (C306R) disrupted MCPIP1 association with USP10, which may explain why the RNase domain appeared to be essential for the DUB activity of MCPIP1. Therefore, two N-terminal domains of MCPIP1 are indispensable for MCPIP1 to regulate USP10-dependent deubiquitination. The RNase-CCCH domain is required for interaction between MCPIP1-NEMO-USP10 and the UBA domain is required for MCPIP1 binding to ubiquitin chains, which may present the ubiquitylated substrates to USP10 for cleavage. It is possible that additional interactions between MCPIP1 and NEMO as well as potential direct association between USP10 and polyubiquitin could further enhance the cleavage of NEMO linear ubiquitin chain by USP10 upon genotoxic stress. USP10 primarily resides in the cytoplasm in resting cells. Upon DNA damage, USP10 is stabilized and a fraction of USP10 can translocate into the nucleus, where it deubiquitinates and stabilizes p53, leading to increased apoptosis (Yuan et al, 2010) . USP10 also inhibits ubiquitylation of Beclin1, leading to Beclin1 stabilization (Liu et al, 2011) . Interestingly, accumulated Beclin1 reciprocally stabilizes USP10, resulting in increased p53 and apoptosis. Here, we showed that USP10 may also participate in DDR by deubiquitinating NEMO in the cytoplasm. NEMO was found to be modified by two types of ubiquitylation, mono-ubiquitylation in the nucleus and linear polyubiquitylation in the cytoplasm, in cells exposed to genotoxic stress (Huang et al, 2003; Niu et al, 2011) . Our data indicated that MCPIP1 induction upon DNA damage enhanced interaction between USP10 and NEMO. USP10 may cleave the linear polyubiquitin chains attached to NEMO, which could disrupt the ubiquitin scaffolds required for optimal IKK activation and subsequent NF-kB activation. Although cleavage of peptide bonds linking linear ubiquitin chain by USP10 may contribute to diminishing NEMO ubiquitylation, our data suggest that the removal of linear ubiquitin chains form NEMO likely to be mediated primarily by USP10-depedent cleavage of an isopeptide bond between NEMO and the first ubiquitin moiety, which remove the linear chain entirely. Nevertheless, considering the activity of USP10 in cleaving K63-linked and proteolysis-targeting polyubiquitin chains, it is possible that USP10 may also inhibit other upstream ubiquitylation events, such as ELKS ubiquitylation, which are required for optimal NEMO linear ubiquitylation and NF-kB activation in cells exposed to genotoxic stress. In addition, USP10-dependent stabilization of p53 upon DNA damage may negatively regulates NF-kB-dependent transcription by competing for limiting pools of coactivators, such as p300 and CBP (Tergaonkar and Perkins, 2007) . These potential mechanisms could be involved in USP10-dependent inhibition of NF-kB activation. Therefore, USP10 may functionally coordinate the programmed cell death in response to DNA damage by enhancing p53 activity while inhibiting NF-kB activation, which may depends on its promiscuous DUB activity in cleaving diverse ubiquitin linkages.
Besides regulating apoptosis, MCPIP1 plays a critical role in controlling inflammatory response. MCPIP1-deficient mice displayed severe immune disorders and died prematurely (Matsushita et al, 2009; Liang et al, 2010) . Considering the important roles of NF-kB in regulating both inflammation and apoptosis, it is plausible that MCPIP1-dependent inhibition of NF-kB may also significantly contribute to a balanced stress response between cell survival and inflammation. In response to pathogen infection or genotoxic stress, NF-kB is activated to promote cell survival as well as coordinate inflammatory response. However, uncontrolled NF-kB activation may lead to deleterious consequences such as hyper-inflammation and tumorigenesis (Ruland, 2011) . DNA damage-induced NF-kB in general is believed to promote cell survival by upregulating anti-apoptotic genes. Nevertheless, excessive and prolonged DNA damage-induced NF-kB activation may substantially upregulate TNFa, which could lead to a TNFa feed-forward signalling promoting apoptosis (Biton and Ashkenazi, 2011) . We found that DNA damageinduced MCPIP1, by attenuating NF-kB activation, not only inhibited anti-apoptotic gene transcription but also reduced induction of inflammatory cytokines such as IL-6 and TNFa. Therefore, MCPIP1-mediated negative feedback control of NF-kB activation may serve as a critical mechanism to mitigate damage by hyper-inflammation and prevent tumorigenesis upon genotoxic stress.
Materials and methods
Chromatin immunoprecipitation
The ChIP analyses were performed following the manufacturer's protocol (Pierce). In brief, cells were cross-linked with 1% formaldehyde, sheared to an average size of B500 bp and followed by immunoprecipitation with a p65 antibody (C-20, Santa Cruz). Immunoprecipitated antibody/protein/DNA complexes were digested with protease K and DNA was eluted. P65 enrichment was quantified by real-time PCR using primers listed in Supplementary Table S1 .
Immunoprecipitation and immunoblotting
For co-IP experiments, cells were lysed in 10% PBS and 90% Lysis buffer (20 mM Tris (pH 7.0), 250 mM NaCl, 3 mM EDTA, 3 mM EGTA, 0.5% NP-40, 2 mM DTT, 0.5 mM PMSF, 20 mM b-glycerol phosphate, 1 mM sodium orthovanadate, 1 mg/ml leupeptin, 1 mg/ml aprotinin, 10 mM p-nitrophenyl phosphate, 10 mM sodium fluoride). In all, 1 mg of indicated antibody or IgG control was added to lysates and incubated with protein G-Sepharose at 41C overnight. Sepharose-enriched immunocomplexes were resolved on SDS-PAGE, transferred onto PVDF membrane and analysed with immunoblotting.
To detect ubiquitinated form of NEMO, cells were lysed with 1% SDS in IP lysis buffer, incubated at 951C for 30 min, then diluted to 0.1% SDS with lysis buffer and subjected to immunoprecipitation with anti-NEMO antibody. The transferred nitrocellulose membrane was further boiled in water for 30 min, and then probed with antibody against linear chain-specific ubiquitin and visualized by ECL according to the manufacturer's instructions.
RNA extraction, reverse transcription and quantitative realtime PCR
Total RNA was extracted with Trizol (Invitrogen, Grand Island, NY) and retro-transcribed with Superscript III (Invitrogen). Real-time PCR analyses were performed in triplicate as previously described (Niu et al, 2012) . The sequences of gene-specific primers used for quantitative real-time PCR (qPCR) are shown in Supplementary  Table 1 . The housekeeping gene GAPDH was used as an internal control, and gene expression was calculated using comparative CT method.
